We compare several statistical routines that may be used to 
INTRODUCTION
The oxygen isotopic composition of seawater (d 18 O sw ) is related to the hydrological balance [precipitation-evaporation (P-E)] and, by extension, to sea surface salinity (SSS) (e.g., Craig and Gordon, 1965; Schmidt, 1999; Delaygue et al., 2000) . Both are important climatic parameters. Therefore, reconstructing d
18 O sw is an important aspect of coral paleoclimatology. The main objective of coral-based d
18 O sw reconstructions is to reconstruct past variations of SSS on time scales ranging from seasonal to centennial (e.g., Hendy et al., 2002; Ren et al., 2002 (Ren et al., 2002; Correge et al., 2004; Pfeiffer et al., 2004; Pfeiffer et al., 2006) . In contrast, several studies have confirmed that Sr/Ca is a reliable proxy for SST (Beck et al., 1992; McCulloch et al., 1994; Shen et al., 1996; Alibert and McCulloch, 1997; Marshall and McCulloch, 0016-7037/$ -see front matter Ó 2008 Elsevier Ltd. All rights reserved. doi: 10.1016/j.gca.2008.04.005 2002; Pfeiffer et al., 2006) , provided that calcification and growth-related effects are minimized by sampling the coral along its main growth axis (McCulloch et al., 1994; Alibert and McCulloch, 1997; Marshall and McCulloch, 2002 (Gagan et al., 1998; Ren et al., 2002; Huppert and Solow, 2004; Kilbourne et al., 2004) . While interannual to decadal d
18 O sw variations inferred from corals have been linked successfully to instrumental data of sea surface salinity, the reconstruction of seasonal-scale d
18 O sw /SSS variations appears problematic due to the noisiness of the coral proxy data (e.g., Kilbourne et al., 2004) .
The most commonly accepted oxygen isotope paleotemperature scale in use today for biogenic carbonates is that proposed by Grossman and Ku (1986) and has the format T = m * (d 18 O-d 18 O sw ) + b. McCulloch et al. (1994) and Gagan et al. (1998) Linsley et al., 1999; Suzuki et al., 2005) , Ren et al. (2002) , proposed to omit the intercept values of the d 18 O coral (Sr/Ca)-SST regression by calculating the first derivatives of the two proxies. Previous studies compared the two methods and found that the results obtained are identical provided that the same slope parameters are used (e.g., Huppert and Solow, 2004; Kilbourne et al., 2004) . Huppert and Solow (2004) O coral -SST regression, and this biased parameter is then used to reconstruct d 18 O sw . However, the authors simply state that 'this possibility poses the same problem to both [ANU and Ren et al., 2002] McCulloch et al. (1994) and Gagan et al. (1998) (Carton et al., 2000) .
CLIMATIC AND OCEANOGRAPHIC SETTING OF THE STUDY AREAS

Tahiti, French Polynesia
Tahiti (149°20 0 W 17°4 0 S) is located in the Southwestern tropical Pacific (24°S-10°S; 160°E-140°W) (Fig. 1) . This region is characterized by a major salinity front that separates the high salinity waters formed in the subtropical region (120°W, 20°S), where evaporation exceeds precipitation, from the low salinity waters formed in the warm pool area, where precipitation exceeds evaporation (Gouriou and Delcroix, 2002) . Fig. 2a Interannual salinity and SST variations in the Southwestern tropical Pacific are linked to ENSO (Gouriou and Delcroix, 2002; Ouillon et al., 2005) . Thus, SST covariant changes in SSS (and d 18 O sw ) occur on seasonal and interannual time scales.
Timor, Indonesia
The Indonesian region experiences a wet season during the Northwest (NW) monsoon (December-March), when the northeasterly winds blow from the north across the equator. SST in Indonesia then ranges between $28.5 and 30°C. The northeasterly winds push low salinity water from the South China Sea into the Makassar Strait, a main passage of the Indonesian Throughflow (ITF). During the South East (SE) monsoon (June-September), when prevailing southeast winds blow from Australia, SST ranges between $26 and 29°C and low salinity waters are found further to the east in the Banda sea (Gordon et al., 2004) . The Timor coral site is located in Ombai strait (123°3E, 10°1S), which is one of the main ITF exit passages (Fig. 1) . Therefore, SST and SSS can be influenced both by oceanic advection and atmospheric phenomena (e.g., monsoonal processes). Fig. 2b compares climatological data of SST and SSS at Timor. Both SST and SSS show a clear seasonal cycle. SST ranges from 26.8°C in August to 30°C in December. SSS ranges from 34 psu in July to 34.4 psu in January. At Timor, SST and SSS co-vary in phase. Maximum (minimum) SSS coincides with maximum (minimum) SST.
MATERIALS AND METHODS
In July 1995, we drilled two coral cores from massive colonies of Porites sp. growing in the lagoon of Tahiti (French Polynesia). Core TH1 was taken at Teahupoo, in the south-eastern part of the lagoon. Core TH2 was drilled at Vairao. At Timor (Indonesia), a third core (KP1) was drilled in June 2004.
The X-radiographs of the slabs show annual density bands that allow a precise chronology. The average annual linear extension rate is approximately 2 ± 0.5 cm/year. A sampling transect that follows the main growth axis was chosen. Slabs were subsampled with a dental drill using a drilling bit of 1 mm. Powdered samples were taken every 1 mm to get monthly resolved proxy records. The powdered samples were split for stable oxygen isotope (d 18 O) and trace element (Sr/Ca ratios) analysis.
We measured Sr/Ca ratios on a Spectro Ciros CCD SOP Inductively Coupled Plasma Optical Emission SpectroPhotometer (ICP-OES) at the University of Kiel following a combination of the techniques described by Schrag (1999) and de Villiers et al. (2002) . The sample solution is prepared by dissolving approximately 0.5 mg of coral powder in 1.00 mL HNO 3 70%. The working solution is prepared by serial dilution of the sample solution with HNO 3 2% to get a concentration of ca. 8 ppm Ca. Standard solution is prepared by dilution of 1.00 mL of the stock solution (0.52 g of coral powder from an in-house standard in 250 mL HNO 3 2%) with 2.00 mL HNO 3 2%. Sr and Ca lines, which are used for this measurement, are 407 and 317 nm, respectively. Analytical precision on Sr/Ca determinations is 0.15% RSD or 0.01 mmol/mol (1r) (based on replicate measurements, n = 74).
The stable oxygen isotopic composition (d 18 O) was analyzed at IFM-GEOMAR. Core TH1 was analyzed using a Finnigan Mat 251 mass spectrometer. A Thermo Finnigan Gasbench II Delta Plus was used for the analysis of core TH2 and KP1. The isotope ratios are reported in & notation relative to VPDB using NBS 19 as standard reference material. The analytical uncertainty is less than 0.06& (1r) for d
18
O measurements, based on multiple measurements of an in-house carbonate standard (13 standards per 48 samples), which was calibrated against NBS-19.
The chronologies of TH1, TH2 and KP1 were constructed by linear interpolation between anchor points that were tied to the seasonal minima (maxima) of the Sr/Ca records. The same anchor points were used for the interpolation of the d 18 O records. It is assumed that the minimum (maximum) skeletal Sr/Ca corresponds to the maximum 1958 -1995 (Tahiti) and 1958 . At Timor, only one single proxy record is available from the core top of KP1. Again, we only use the most recent 20 years of the Timor core (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (Fig. 3 ).
4. SALINITY DATA 4.1. The SODA data
The Simple Ocean Data Assimilation (SODA) reanalysis project, which began in the mid 1990s, is an ongoing effort to reconstruct historical ocean climate variability on space and time scales similar to those captured by the atmospheric reanalysis projects (e.g., Carton et al., 2000) . SODA provides monthly averages of SST and SSS data extending back until 1950. The data is mapped onto a uniform 0.5°Â 0.5°grid (Carton et al., 2000) . The SODA model uses input data from the World Ocean Database 2001, hydrographic data, satellite and in situ SST and altimetry from Geosat, ERS-1 and TOPEX/Poseidon (Carton et al., 2000) . The last date of instrumental salinity measurements in 1990, and also the lack of satellite altimetry before 1986 constrain the quality of SODA data. However, at present SODA provides the most sophisticated global-scale salinity product. We use SODA version 1.4.2 which extends from 1958 to 2001. SODA 1.4.2 uses the surface wind products from ECMWF ERA 40. This product requires correction of the mean stress, which may be problematic in the tropics (Carton et al., 2000) . The latest version of SODA is version 1.4.3., which uses daily wind data from the Quik-SCAT scatterometer to overcome possible wind errors in the tropics. Unfortunately, SODA v. 1.4.3 only extends from 2000 to 2004. At Timor, we therefore combined SSS from SODA 1.4.2 and 1.4.3 for a comparison with the coral proxies.
Historical salinity data and SODA
Instrumental records of past salinity variations are scarce. At Tahiti, several instrumental salinity (SSS) datasets are available. Delcroix et al. (1996) and Gouriou and Delcroix (2002) (hereafter referred to as SSS Delcroix) published monthly salinity data for the Southwestern tropical Pacific from ship-of-opportunity measurements. The dataset extends back until 1976 and is averaged over 2°latitude Â 10°l ongitude. Local salinity measurements were made at Papeete, Tahiti ( Fig. 4a ) and are available from L'lnstitut franc ßais de Recherche scientifique pour le Développement en coopéra-tion (IRD) (Boiseau et al., 1998 ) (hereafter referred to as SSS IRD). SSS IRD covers 11 years and extends from 1979 until 1990. Unfortunately, this is too short for proxy calibration (n = 11 for annual mean calibrations). At Timor, SSS was measured by Sprintall et al. (2003) at two sites in Ombai strait, Ombai (northern Timor) and Roti (southern Timor) (hereafter referred to as SSS Ombai and SSS Roti, respectively) (Fig. 4a) . The correlation between SSS Ombai (Location 2, Fig. 4a ) and SSS Roti (Location 3, Fig. 4a ) is high in the period of overlap (R = 0.61). Unfortunately, the longest continuously available time series of SSS at Timor only extends from 1996 to 1998 ( Fig. 4d) (Sprintall et al., 2003) . For Timor, we extracted surface salinity data from SODA in the grid centered at 10°12 0 S, 123°31 0 E. The correlation between SSS SODA and SSS Roti (SSS Ombai) is R = 0.77 (R = 0.37). The phase of the seasonal salinity cycle in SODA matches the instrumental data well (Fig. 4d ), although we note that the amplitude of the seasonal cycle in SODA is somewhat lower than measured at Roti and Ombai. Fig. 4e compares the mean seasonal cycle of SSS SODA with climatological salinity data from Levitus et al. (1994) (hereafter referred to as SSS Levitus). The seasonal amplitude of SSS Levitus is also larger than the amplitude of SSS SODA (Fig. 4e) . We conclude that SSS SODA captures the phase of the seasonal salinity cycle reasonably well, although the magnitude of seasonal-scale salinity variations could be underestimated in the dataset (note: there is no indication that seasonal-scale SSS variations are overestimated in SODA).
In this study, we decided to use SSS SODA rather than instrumental salinity datasets, despite the potential problems of SODA indicated in Fig. 4 . Only the SODA data is available at both Tahiti and Timor. Furthermore, a strong focus of this paper will be on the reconstruction of seasonal-scale SSS variations and the limitations imposed by the amplitude of the seasonal cycle and the analytical error. At Tahiti and Timor SSS SODA correctly captures the phase of the seasonal salinity cycle (at Timor, it may underestimate its magnitude). However, other gridded product of SSS may have similar biases, but the sparseness of local SSS measurement make an objective selection of the best SSS product very difficult. We therefore concentrate on the SODA SSS data.
THE RECONSTRUCTION OF D
18 O SEAWATER: METHODOLOGIES 5.1. McCulloch et al. (1994) , Gagan et al. (1998) McCulloch et al. (1994) and Gagan et al. (1998) (hereafter referred to as ANU method). The ANU method assumes that the inde- 8 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 δ 18O (‰ VPDB) Sr/Ca (mmol/mol) Average TH1 & TH2 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 Core KP1 pendent variables (x), i.e., SST, are free of error. We are aware, however, that the SST datasets, which are used as independent variables, are not free of error. This is a general problem of the linear regressions. Ren et al. (2002) saw the major problem in separating the SST and SSS signal in the estimate of the intercept. 
Centering method
In order to omit the intercept value (constant of regression), we can center the linear regression equation by removing the mean value from its variables (Draper and Smith, 1981 SST (e.g., McCulloch et al., 1994; Gagan et al., 1998; Gagan et al., 2000 18 O sw (SSS) and SST variability. Here, we demonstrate the effect of correlation between SST and SSS on the estimates of the regression coefficients in a multivariate-and univariate dataset. We use simulated data and a stochastic model to illustrate this effect. We use the stochastic model y = Ax + Be, where y is the proxy signal (e.g., d
18 O coral (y 1 ) and Sr/Ca (y 2 )), x is the climate signal (e.g., SSS (x 1 ) and SST (x 2 )), and e is the error. A and B is a transformation matrix 2 Â 2, which determines the signal amplitude and controls the noise amplitude, respectively: = 0.5, a 12 = 1, a 21 = 0, a 22 = 1; b 22 = 1, b 11 = sqrt(a 11 * a 11 + a 12 * a 12 + 2 * a 11 * a 12 * cor).
However, the noise components of b 22 and b 11 may vary between coral sites. Here, b 22 is set to 1, which gives a signal to noise ratio of 1 (which is a conservative value of tropical coral proxies). The factor b 11 depends on the correlation R between the two signals x 1 , x 2 , such that the signal to noise ratio of y 1 is also 1. Assuming that the noise of y 1 and y 2 is independent, we choose b 12 = b 21 = 0. Furthermore, we assume that y 1 is influenced by two signals (x 1 , x 2 ) and that y 2 is influenced by one signal (x 2 ). The proxy signal y 1 and y 2 can be written as:
We generate random samples of signal x from a Gaussian noise process for correlations in x 1 and x 2 in the range of À0.9 À0.8 À0.7. . . to 0.9. The results show that the univariate and multivariate approach used in the reconstruction of d 18 O sw based on paired d 18 O coral and Sr/Ca measurement only yield the same regression coefficients when the correlation between SST and SSS is very small (Fig. 5) 
and each X i has its own associated standard error rv i , the squared error propagation of Y is given by (see e.g., Bevington, 1969; Press et al., 1990) : (Correge et al., 2004) . For the sake of brevity, we will only use the composite proxy records of TH1 and TH2 from Tahiti (hereafter referred to as Sr/Ca TH12 and d
18 O TH12 ). The TH1 and TH2 proxy records are averaged after conversion to time. Averaging should reduce the noisiness of the proxy records as, for example, site-specific effects may bias single-core reconstructions. The regression equation (with 95% confidence levels) for monthly Sr/ Ca TH12 vs. SST (1975 SST ( -1995 At Timor, the slope of Sr/Ca-SST relationship is consistent with published estimates that range from À0.04 to À0.08 mmol/mol/°C (Beck et al., 1992; de Villiers et al., 1994; Shen et al., 1996; de Villiers et al., 2002; Marshall and McCulloch, 2002; Alibert et al., 2003; Mitsuguchi et al., 2003) . In contrast, the slope of d 18 O-SST relationship is too low (À0.10 ± 0.02&/°C) compared to published estimates (À0.15 to À0.22&/°C; Weber and Woodhead, 1972; Wellington et al., 1996; Gagan et al., 1998; Juillet-Leclerc and Schmidt, 2001; Suzuki et al., 2005 Neil et al., 1969; Bemis et al., 1998; von Langen et al., 2000; Spero et al., 2003) . Corals show more or less the same range of d
18
O-SST relationships (À0.15&/°C to À0.22&/°C; Weber and Woodhead, 1972; Wellington et al., 1996; Gagan et al., 1998; Juillet-Leclerc and Schmidt, 2001; Suzuki et al., 2005) . We use c 1 = À0.18&/°C (Gagan et al., 1998) O sw using the method of Ren et al. (2002) (Fig. 6a) (Fig. 6 , gray line). We also calculate relative variations of d 18 O sw with the centering method. We use the same slope parameters for and as in the Ren et al. (2002) example. The results are shown in Fig. 6 (dashed line) . We find that relative d
18 O sw variations calculated with Ren et al. (2002) and centering are identical (Fig. 6) . However, the centering method involves much simpler calculations than Ren et al. (2002) , and is a standard method in linear regression analysis (Draper and Smith, 1981 (Gagan et al., 1998) . The slope of the Sr/Ca-SST relationship is b 1 = À0.063 mmol/mol/°C (Sr/Ca TH12 vs. SST SODA). For the centering and Ren et al. (2002) Ren et al. (2002) or centering, we also omit the intercept error. By choosing temperature as independent variable, the slope and the regression errors are small, and can be neglected. This results in a relatively small error of the d 18 O sw reconstruction. Note, however, that this error only applies to relative d 18 O sw variations. Furthermore, we would expect the actual error to be larger, as the corals are also influenced by non-climatic noise, such as biological 0 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 Ren Centering Fig. 6 factors that influence the incorporation of the proxies during coral growth (e.g., Meibom et al., 2006; Sinclair et al., 2006) . Fig. 7 compares the monthly (d 18 O sw-TH12 ) reconstruction with SSS from the SODA dataset. The correlation between the monthly time series of d 18 O sw-TH12 and SSS SODA is low (R = 0.33) (Fig. 7a) . In almost all years, seasonal maxima and minima of reconstructed d
O sw and SSS do not match (Fig. 7a) . Fig. 7b (Fig. 7b) . Other instrumental SSS datasets show similar seasonal variations (see Fig. 4c ). We have also plotted the analytical error of reconstructed d
18 O sw (r Ddsw = ±0.066&) in Fig. 7b . For seasonal-scale maxima and minima, the error bars overlap, i.e., the analytical error of our d
18 O sw reconstruction is on the same order of magnitude as the mean seasonal cycle 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 Normalized R=0 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 Normalized R=0 (Fig. 7c) . The correlation between monthly reconstructed d 18 O sw and SSS SODA is high (R = 0.5). Fig. 7d (Schmidt, 1999 ; data available at http://data.giss.nasa.gov/cgi-bin/o18data; 110°E-130°E, 20°N-30°S). SSS SODA shows a seasonal cycle of 0.37 psu, which would correspond to 0.16& d 18 O sw (Fig. 7d) . Instrumental SSS measured at Roti and Ombai indicates even larger seasonal variations (>0.5 psu, see Fig. 4e ), but the time series are short. In Fig. 7d (Fig. 7e and f) . We chose SSS SODA, because only SODA provides a continuous time series of SSS at both sites. We are aware, however, that the SODA dataset may have some problems, particularly at interannual time scales (see Fig. 4 and Section 4), and therefore our results should be viewed with some caution.
Annual 1/2 , where r is the analytical error of the single proxy measurements, and N is the number of independent measurements (e.g., Bevington, 1969 According to Gouriou and Delcroix (2002) interannual variations of SSS in the Southwestern tropical Pacific, where Tahiti is located, are proportionally larger with respect to SST than on a seasonal scale. The standard deviation of annual mean SSS is r = ±0.19 psu in the historical record of Gouriou and Delcroix (2002) The Indonesian region, on an annual scale, experiences warm and wet conditions. Lowest salinity is found in the western part of Indonesia extending from the Java sea to the South China sea. This fresh water flows through the ITF exit passages, but water transport changes seasonally. At Ombai strait (Timor), one of the main exit passages of the ITF, the annual cycle dominates the SST and SSS signal (Sprintall et al., 2003) . Fig. 7f compares annual mean values of d
O sw-KP1 and SSS SODA. The correlation between the two time series is high (R = 0.52), and both series show a similar trend suggesting a freshening of surface waters since 1984 (Fig. 7f) .
However, at both Tahiti and Timor the variance of annual mean SSS SODA is lower than the variance of reconstructed SSS from the corals (see Fig. 7e and f) 18 O sw-KP1 shows a gradual freshening over the past 20 years. We note, however, that on an annual mean scale, the variance of SSS inferred from the Tahiti and Timor corals is larger than indicated by SSS SODA. This may reflect problems in the SODA reanalysis. In order to obtain reliable, quantitative salinity reconstructions from corals we will need much better instrumental data of d
18 O sw and SSS that can only be obtained through long-term monitoring programs.
